Entry of viruses into host cells to establish infection is a highly coordinated process. The molecular and chemical details of this process are relatively clear for enveloped viruses, such as influenza viruses, human immunodeficiency viruses, herpesviruses and flaviviruses 1,2 . In contrast, the mechanisms are not clear for cell entry of nonenveloped viruses, especially those with large complex capsids and multiple conformational stages.
hub (M1-Y49, G121-C162 and K839-V961), hairpin (D50-V120), body (L163-K190 and Y408-T838) and external tip (described below) ( Fig. 2a,b and Supplementary Video 2) . The hub domain contains a ten-stranded lectin-like β-barrel flanked by three helices outside, as well as both N and C termini ( Fig. 2a and Supplementary Fig. 2a ). Each VP2 trimer is formed through trimerization of the hub domains of three monomers and sits atop the jelly-roll domain of four VP7 trimers, one via its hub domain and three via the body domains of the three monomers ( Fig. 1c and Supplementary Video 1) . The interaction interface of the VP2 hub domain is highly conserved (Fig. 2b) , including H866 (91.6% identity in 25 serotypes), thus suggesting a possible role of the VP2-VP7 interface in VP2 detachment in the early endosome. The hairpin domain consists of a loop, two short α-helices and a two-stranded β-sheet ( Fig. 2a) . The pyramidshaped body domain has a β-sheet-rich apex and an α-helix-rich base (Fig. 2a) . The apex of the pyramid connects to and interacts with the overlying tip domain.
The external tip domain contains at least four helices and a β-sheet ( Fig. 2a) , but its density is weaker and at a lower resolution (5-10 Å), thus suggesting flexibility. Consequently, this domain was not modeled, and its sequence was deduced to be P191-I407 only by the process of elimination. The exposed nature of this domain is consistent with its role as a key determinant of the host antibody response [8] [9] [10] [11] .
We identified a cluster of four residues, CCCH (C162, C617, C851 and H164), that form a well-coordinated tetrahedron-a typical zincfinger motif-at the interface between the hub and body domains. At the center of this CCCH cluster is a strong density unaccounted for by any amino acid residues ( Fig. 2a and Supplementary Video 3) , which we interpret as a coordinated metal ion expected to be within a zinc-finger motif. Among physiologically available ions, only Zn 2+ forms such a tetrahedral geometry, and it commonly coordinates with cysteine and histidine residues 12, 13 . To confirm that Zn 2+ binds to VP2, we expressed and purified recombinant VP2 and subjected it to measurement by inductively coupled plasma optical emission spectrometry (ICP-OES). This measurement shows an approximately three-fold enrichment of Zn 2+ in the presence of VP2, thus suggesting that Zn 2+ indeed binds VP2. Remarkably, the four residues of the CCCH zinc finger of VP2 are completely conserved among all 25 known BTV serotypes, whereas their VP2 sequences vary greatly, thus suggesting important functional roles for the zinc finger.
Because zinc fingers in some proteins are known to control conformations 13, 14 , and BTV VP2 does not bind nucleic acids, we speculated that the zinc-finger motif of VP2 might have a role in controlling conformational changes during cell entry. To measure the effect of Zn 2+ binding on the conformation of VP2, we treated VP2 with Chelex-100 to remove bound divalent ions. This apo-VP2 was destabilized relative to untreated VP2, as indicated by the decrease in melting temperatures ( Fig. 2c ), suggesting that bound Zn 2+ has a stabilizing role. To prevent the formation of a disulfide bond between cysteine of the CCCH motif after removal of the bound metal ion, we repeated this measurement in the presence of the reducing agent DTT. Indeed, we observed additional reduction of melting temperature ( Fig. 2c) , indicating further destabilization of VP2 in a reducing environment. These observations suggest that Zn 2+ binding affects the conformation of VP2.
Our observations above offer clues as to how VP2 detaches from viral cores in the early endosome 5 . VP2 detachment could result from disruption of the weak interaction involving the conserved H866 at the VP2-VP7 interface by high salt and low pH 15 , and from perturbation to the zinc finger at low pH 16, 17 . To verify that VP2 alone is pH sensitive, we subjected purified VP2 to different pH conditions. The melting temperature of VP2 changed when the pH was shifted from neutral (7.5) to early-endosomal pH (6.5-6.0), thus suggesting that VP2 has different physical properties under neutral and endosomal pH conditions ( Fig. 2d) . Together, our structural and biochemical data suggest a pH-sensing mechanism that involves the CCCH zinc finger, H866 and possibly other events such as receptor binding, and that enables VP2 detachment within the early endosome.
Structure of the penetration protein VP5 at high and low pH
At pH 8.8, 521 of the total 526 residues of VP5 were resolved in the 3.5-Å structure, and our atomic model of VP5 contains 19 α-helices and only two β-sheets ( Fig. 3a,b, Supplementary Fig. 2b and Supplementary Video 4). This atomic model confirms the α-helix-rich nature of VP5, although the previous provisional sequence mapping 18 to the observed helices was incorrect, owing to insufficient resolution to trace backbone and the differences of the secondary-structure predictions in the previous report 18 . Unlike any known viral fusion and penetration proteins, VP5 has a near-rectangular shape and consists of three domains: dagger (M1-S68), unfurling (K69-F354) and anchoring (I355-A526) (Fig. 3a) . The dagger domain is located at the N terminus and is sequestered in the canyons between two adjacent a r t i c l e s npg a r t i c l e s VP7 trimers, where it is 'hidden' from the external surface of the virion (Fig. 3c) . The dagger domain interacts with adjacent VP7 molecules through charge complementarity (helix α1) and hydrophobic surfaces (helix α2). Nonetheless, the dagger domain is more flexible than the other two domains because the density of this domain was resolved in only four of the six VP5 subunits within each asymmetric unit. We built an atomic model of this domain on the basis of the best-resolved subunit. N-terminal residues 1-22, previously shown to permeabilize membranes 19 , form a β-strand (K3-S7; β1 in Fig. 3a,b ) and a loop (L8-N22) at physiological pH. The unfurling domain is helix rich, with two long horizontal helices (α6 and α12 in Fig. 3a and Supplementary  Fig. 2b ; termed beam helices) and a stem helix (α3; Fig. 3a and Supplementary Video 4). Three stem helices in the middle of a VP5 trimer form a coiled coil ( Fig. 3b) . A small β-sheet was revealed in the unfurling domain with two parallel strands, which augments the third antiparallel β-strand (C510-V512) (β9 in Fig. 3a ) from the anchoring domain. The anchoring domain is located in the C-terminal region and contains a highly conserved β-meander motif with four antiparallel β-strands (I364-L407) (β4-β7 in Supplementary Fig. 2b) .
The β-meander motif is not only sandwiched on both sides by four a r t i c l e s helices ( Fig. 3a) but also augmented by the fifth, N-terminal, β-strand (β1 in Fig. 3a ) (K3-R6), thus tethering the dagger domain ( Fig. 3a) . Interestingly, the previously identified WHXL motif (W411-L414), responsible for membrane interactions 20 , is located on the extension of the β7 strand in the β-meander motif (described below). Membrane-permeability activity of VP5 was inhibited by VP2 in an experiment using recombinant proteins of VP2 and VP5 engineered with membrane-anchoring tags 6 . Our atomic structure of the BTV virion reveals the interactions between VP2 and VP5 that might account for such inhibition. First, the loop of the VP2 hairpin domain contains H95 and interacts with the WHXL motif, a loop (352-357) and helix α7 of VP5 ( Fig. 2a) . Second, the hub domain of VP2 interacts with helices α6, α7 and α12 of the VP5 unfurling domain (Fig. 3a) . Therefore, we reason that the activation of VP5′s membrane permeability activity requires the initial removal of VP2. Indeed, cryoEM of BTV under low-pH conditions (pH 3.4 and 5.5) revealed that VP2 dissociates while VP5 remains attached to the VP7 layer but refolds substantially to form a new filamentous barblike structure that protrudes from the remaining VP5 ( Fig. 4a and Supplementary Fig. 1e,f) . This barb-like structure is long (~150 Å) and flexible and thus cannot be resolved in the three-dimensional (3D) density map at 9-Å resolution (Fig. 4b) . When the map was filtered to lower resolution (i.e., 15-Å resolution; Fig. 4b) , the base of the barblike structure appeared at the center of the remaining VP5 trimer, thus suggesting that it is probably a filamentous trimer. Rigid-body docking of the VP5 atomic model into the remaining VP5 density indicated that the anchoring domain remains attached to the VP7 layer while both the dagger and unfurling domains refold to form the filamentous structure ( Fig. 4c,d) . Comparison of the orientations of the anchoring domains of the two structures indicated that low pH triggers a flower-like opening of the VP5 trimer, which is probably required to relieve restraints and create space to accommodate the simultaneous refolding of the dagger and unfurling domains (Fig. 4e,f) .
Identification of low-pH sensor in VP5
After detachment of the protective VP2, VP5 must sense the low-pH environment of the late endosome with a hitherto-unknown mechanism to trigger the dramatic refolding described above. We expected the pH sensor to be composed of histidines, because each VP5 monomer contains a total of 19 histidines. Remarkably, 13 of them localize npg a r t i c l e s to the anchoring domain, and five (H272, H319, H384, H385 and H386) are clustered closely at the interface between the β-meander motif of the anchoring domain and the beam helices of the unfurling domain ( Fig. 5a and Supplementary Video 6) . Three of these (H272, H319 and H386) are completely conserved among all 25 known BTV serotypes, thus indicating that they may have important roles. In addition, fully conserved E316 is also located at the interface, where it interacts with the histidine cluster ( Fig. 5a and Supplementary Video 6). Protonation of these histidine residues at late-endosomal pH would change their charge properties, thereby altering the interactions with each other as well as with E316. Therefore, we expect that some or all of these conserved residues could function to sense pH changes in the late endosome during cell entry.
To confirm the role of the histidines at the interface, we mutated four histidines to phenylalanines (because the serotype-specific phenylalanine substitutions seen in this region suggest that this residue is tolerated) in two domains, including (i) the buried H272 in the unfurling domain (single mutation H272F) and (ii) single (H384F), double (H384F H385F) and triple (H384F H385F H386F) histidines in the anchoring domain. Initially we introduced a single H272F mutation in the unfurling domain and a single H384F mutation in the anchoring domain into the recombinant protein. The H272F mutation substantially reduced the expression level of VP5, thus suggesting that this residue has a critical role in maintaining properly folded VP5. In contrast, the H384F mutation was well tolerated. We tested wild-type (WT) protein and the single H384F mutation in a poreformation assay with synthetic liposomes, which mimic the composition of anionic lipids of the endosomal membrane. WT VP5 exhibited membrane-disruption activity with maximum pore formation at pH 5.5, and the effect in the single (H384F) mutation was only marginal ( Fig. 5b) . Alignment across serotypes of this histidine cluster displayed single substitutions of histidine to phenylalanine in the 384 and 385 positions, thus indicating that a minimum of two histidines in this region are required for sensing of low pH by VP5. Further, mutation of the conserved H386 in the replicating genome did not hinder the virus recovery by reverse genetics. These results led us to hypothesize that the net charge of this cluster may be a critical factor in VP5 function. Indeed, the pore-formation activities for the double mutant (H384F H385F), which still preserved the conserved H386) and the triple mutant (H384F H385F H386F) were reduced to only ~30% and ~17% of that of the WT VP5 at pH 5.5 (Fig. 5b) . Together, these observations suggest that the H384-H386 cluster functions as a pH sensor of VP5 and that the histidine residues in the cluster probably act cooperatively. However, further analysis is required to pinpoint the specific role of each residue in the cluster.
The VP5 structure indicates that residues H384-H386 interact with conserved residues H272, H319 and E316 in the unfurling domain ( Fig. 5a and Supplementary Video 6) . The proximity of their locations implies that disruption of these interactions by protonation would lead to unfurling of VP5 to expose the dagger domain for membrane interaction. Our result of the single mutation H272F also indicates that the change of interactions in this region, either by protonation or by mutagenesis, would greatly affect the stability or conformation of the VP5 protein.
Membrane-interaction elements in VP5
Our atomic structure of VP5 resolves the membrane-interaction elements previously identified by bioinformatics and biochemical analyses Figure 3b ) and internal sides of the core β-meander motif of the anchoring domain, showing a cluster of five and seven aromatic residues on the internal and external side, respectively. The SNARE-like WHXL motif (W411-L414) located on the β7 strand is shown in blue. npg a r t i c l e s as an N-terminal peptide (M1-S41) and a WHXL lipid-interaction motif (W411-L414) usually found in SNARE proteins 19, 20 . M1-S41 is a part of the dagger domain, which is inaccessible to the membrane at physiological pH but refolds dramatically to project outward at low pH conditions (Fig. 4a,b and Supplementary Fig. 1e,f) . The WHXL motif interacts with cholesterol-rich membrane rafts 20 and is an extension of the β7 strand of the highly conserved β-meander motif ( Fig. 5c  and Supplementary Fig. 3a) . Moreover, the β-meander motif possesses three additional membrane-interaction elements, which are usually found in bacterial outer-membrane β-barrel proteins [21] [22] [23] : a hydrophobic surface (Supplementary Fig. 3b,c) and two aromatic clusters (Fig. 5c) . Indeed, prediction with BOCTOPUS 24 identified six transmembrane β-barrel strands in the anchoring domain, two of which lie in the β-meander motif (Supplementary Fig. 3d) . Conceivably, the transmembrane β-strands from multiple copies of VP5 could join together to form a transmembrane β-barrel. Interestingly, rotavirus also contains more than one membrane-interacting element 25 . Nevertheless, the exact role of the anchoring domain and especially its β-meander motif in membrane interaction remains to be determined. One plausible role for the β-meander motif is to promote oligomerization of the unfurled VP5 in the late endosome and subsequent pore formation, as observed in the self-assembly of other β-rich structures containing aromatic clusters 26 .
Interactions between VP2, VP5 and VP7 proteins VP2 interacts with both VP7 and VP5 on the virion. A VP2 trimer attaches to four VP7 trimers through the bases of its hub, body and hairpin domains. The bases of three hub domains of a VP2 trimer sitting on the jelly-roll domain of a VP7 trimer and two of the histidines (H866 and H947) of VP2 are located at the interacting interface. In addition, the loop of the VP2 hairpin domain also interacts with the jelly-roll domain of the VP7 trimer ( Fig. 2a) . VP2 interacts with VP5 at two regions. First, the VP2 hub domain interacts with helices α6, α7 and α12 of the VP5 trimer ( Fig. 3a) . Second, the loop (A89-H95) of the VP2 hairpin domain interacts with the WHXL motif, a loop (352-357) and the α7 helix of an adjacent VP5 trimer. These relatively weak interactions are consistent with VP2's disengagement during cell entry when VP2 must dissociate to permit the conformational change of VP5.
At physiological pH, VP5 interacts with VP7 extensively through all three of its domains, whereas at endosomal pH, VP5 interacts with VP7 only through the anchoring domain, and its dagger and unfurling domains protrude out.
DISCUSSION
BTV responds to pH changes inside early and late endosomes in a coordinated manner to gain entry into the cytoplasm 5 . The structures of BTV under high-pH (pH 8.8) and low-pH conditions (pH 3.4 and 5.5) suggest that the highly conserved zinc finger and H866 in VP2, as well as the H384-H386 cluster in VP5, might act as the pH sensors that coordinate detachment of VP2 and subsequent unfurling of VP5. Our functional analysis confirmed the essential role of the H384-H386 cluster of VP5 for its pH-dependent membrane-penetration activity, whereas H272 of VP5 is required for protein folding and/or structural stability. These data, together with previous biochemical observations, support a model of cell entry (Fig. 6) . Upon entrance into the early endosome ( Fig. 6, steps 1,2) , VP2 senses the local pH (6.5-6.0) and detaches from the virion (Fig. 6, step 3 ). In the late endosome (~pH 5.5) and without VP2's restraints, VP5 senses the lower pH and extends its unfurling and dagger domains (Fig. 6, step 5 ). This rearrangement allows VP5 to interact with the membrane while it remains tethered to the viral core by its anchoring domain (Fig. 6, steps 5,6) , thus resulting in a membrane-enclosed virus intermediate (Fig. 6, step 6 ). We hypothesize that the membrane-bound VP5 undergoes further conformational changes to detach from the viral core, disrupt the membrane and consequently release the transcriptionally active core into the cytoplasm (Fig. 6, steps 7,8 ). Though our structural and functional data are consistent with this hypothetical model, the mechanisms of viral entry proposed in this model still need to be established or refuted. For example, what factors promote the final detachment of the refolded VP5 from the viral core? What are the functions, if any, of the membrane-interaction elements in the anchoring domain of VP5? Does the membrane penetration form a large pore across the membrane or simply disrupt it into fragments ( Fig. 6, step 7) in order to translocate the viral core? Answers to these questions should further advance understanding of the mechanism of membrane penetration used by nonenveloped viruses.
Many other dsRNA viruses, notably mammalian reovirus and rotavirus, use one protein for receptor binding and another for membrane penetration; their membrane-interaction proteins are protected and must be exposed to cellular factors for membrane penetration 4, 27, 28 . Though the structure of the 'exposed' mammalian reovirus penetration protein is unknown, the exposed penetration proteins of BTV and rotavirus both are filamentous 4, 18 , and their final detachment from the viral cores probably involves additional triggers 29 . Despite these similarities, the atomic structures of the receptor-binding and membrane-penetration proteins of BTV at high pH reported here bear no similarities to those in other dsRNA viruses 4, 27 and thus represent an extraordinary example of mechanistic diversity among members of this family of viruses, perhaps as a result of the unique route of transmission of arbovirus through arthropod vectors. Other nonenveloped viruses use a variety of cell-entry strategies with no similarity to the BTV mechanism. For example, acidification within endosomes triggers small-RNA viruses, such as picornaviruses, to undergo 'molecular plate-tectonic' movement, thereby exposing myristylated internal proteins 30 . Entry by nonenveloped DNA viruses may involve partial removal of the penton unit, as in the case of adenoviruses 31 , or interactions with Golgi and endoplasmic reticulum components within the cell, as in the case of papillomaviruses 32 .
Low pH-triggered cell-entry processes are well understood for enveloped viruses, as exemplified by the influenza and dengue viruses 1,2 . Among nonenveloped viruses, the mechanism by which BTV enters cells ( Fig. 6) bears the greatest level of similarities to that used by enveloped viruses. In a sense, VP5 is similar to some classical viral fusion proteins, such as the influenza HA2 protein, in that these proteins use histidine residues as pH sensors and undergo a dramatic conformational change at the late-endosomal pH 2, 33 . Along the landscape of cell-entry strategies used by nonenveloped and enveloped viruses, BTV, along with rotavirus, is therefore situated near enveloped viruses; as such, the results presented here should be of general importance to understanding of cell entry by both nonenveloped and enveloped viruses.
METHODS
Methods and any associated references are available in the online version of the paper. 
